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I.  ATOMIC  LAYER  EPITAXY  OF  GALLIUM  NITRIDE 

A.  Introduction 

At  the  present  time,  MBE  and  MOCVD  are  the  two  contenders  for  the  growth  of  the  most 
sophisticated  semiconducting  structures.  Both  can  produce  extremely  thin  layers  and  a  wide 
range  of  compound  semiconductors  and  heterostructures.  However,  in  both  techniques  all  the 
reactant  species  simultaneously  arrive  at  the  substrate.  As  such,  there  exist  conditions  for  the 
growth  of  the  next  monolayer  of  the  material  before  the  growth  of  the  previous  one  is  even 
completed.  As  a  result  of  that,  the  growth  process  becomes  shared  between  several  levels  of 
monolayers.  This  occurs  in  piuctiwaily  ail  materials  deposition  systems  and  is  easily  observed 
at  the  study  of  the  RHEED  oscillations.  One  observes  the  damping  of  the  oscillation 
amplitude  with  the  film  thickness.  Because  of  that,  the  RHEED  oscillations  usually  disappear 
after  10-20  monolayers  of  growth. 

The  ultimate  technique,  with  the  best  control  over  the  composition  and  the  surface 
morphology,  may  be  the  deposition  of  a  single  layer,  of  one  kind  of  atoms,  at  a  time.  This  is 
done  by  Atomic  Layer  Epitaxy  (ALE),  a  technique  patented  by  Suntola  and  Atson  in  1977 
[1],  They  used  this  method  for  the  deposition  of  the  polycrystalline  ZnSe  on  the  glass 
substrates  and  were  primarily  concerned  with  the  thickness  uniformity  over  the  large  areas. 
At  the  beginning,  ALE  seemed  to  work  only  for  II-VI  compounds.  However,  it  was  later 
shown  that  it  works  also  for  other  materials.  A  comprehensive  review  of  the  ALE  work  on  II- 
VI  compounds  has  been  published  by  Goodman  and  Pessa  [2],  Much  attention  has  been  lately 
devoted  to  the  ALE  of  GaAs.  Several  research  groups  have  demonstrated  the  feasibility  of  the 
technique  for  III-V  compounds  [3,4]. 

Atomic  Layer  Epitaxy  can  be  achieved  with  many  present  deposition  techniques,  and  is 
the  thought  of  as  a  special  mode  of  operation  of  the  known  deposition  techniques,  rather  than 
an  entirely  new  deposition  method.  Since  ALE  growth  consists  of  deposition  cycles,  in  which 
a  single  monolayer  of  an  individual  species  is  deposited  at  a  time,  the  final  film  thickness 
depends  only  on  the  number  of  cycles  and  the  lattice  parameter  of  the  material.  Thus  ALE 
offers  the  ultimate  control  over  the  thickness  and  morphology  of  the  layers,  and  has  also  the 
potential  for  the  achievement  of  very  good  stoichiometry  and  the  reduction  of  the  point 
defects.  Since  the  reactants  are  kept  apart  throughout  the  deposition,  they  are  not  subject  to 
troublesome  parasitic  reactions  in  the  gas  phase. 

B.  Experimental  Procedures 

Description  of  the  III-V  Nitride  ALE  System.  To  accomplish  the  ALE  of  III-V  nitrides,  a 
vacuum  system  has  been  designed  and  built,  which  allows  the  ALE  deposition  within  the 
framework  of  OMCVD  parameters.  The  system  is  configured  to  process  1  inch  wafers. 


Ultimately,  the  apparatus  may  be  adapted  to  handle  samples  up  to  2  inches  in  diameter.  The 
system  consists  of  three  chambers;  a  load  lock,  a  cleaning  chamber,  and  a  growth  chamber,  as 
shown  in  Figure  1.  It  is  made  of  stainless  steel  pans  with  knife  edge  seals,  and  is  high 
vacuum  capable.  Process  gasses  are  regulated  by  mass  flow  controllers  and  pumped  by  a 
rotary  vane  pump.  The  ultimate  vacuum  is  achieved  by  diffusion  pumps. 

The  load  lock  is  a  simple  five  way  cross  that  can  hold  up  to  five  samples.  All  samples  are 
introduced  to  and  removed  from  the  system  through  this  chamber.  By  the  present  design,  the 
load  lock  may  be  pumped  down  to  the  millitorr  level. 

After  passing  through  the  load  lock,  the  samples  are  cleaned  in  the  cleaning  chamber  by  a 
remote  argon  plasma  with  the  downstream  injection  of  hydrogen.  The  cleaning  chamber  is 
pumped  to  high  vacuum  by  a  diffusion  pump,  while  the  process  gases,  used  for  cleaning,  are 
handled  by  a  rotary  vane  pump  through  an  automatic  throttle  valve.  To  assure  identical  sample 
cleaning  within  a  run,  up  to  four  samples  can  be  cleaned  at  a  time.  This  chamber  is  capable  of 
performing  many  variations  on  the  plasma  cleaning  operation,  since  it  has  capability  of 
varying  gas  flow  rates,  substrate  temperature,  plasma  intensity  and  process  pressure. 

After  cleaning,  the  samples  are  transferred  to  the  growth  chamber.  Like  the  cleaning 
chamber,  the  growth  chamber  is  pumped  to  high  vacuum  conditions  using  a  diffusion  pump 
with  an  LN2  trap,  while  the  process  gases  are  handled  by  a  rotary  vane  pump.  The  process 
pressure  is  controlled  by  a  combination  of  a  capacitance  pressure  gauge  and  an  automatic 
throttle  valve.  Inside  the  growth  chamber,  the  samples  sit  on  a  revolving,  heated,  disk-like 
susceptor  made  of  SiC  coated  graphite.  The  overall  design  allows  heating  up  to  1000°  C; 
however,  the  intention  is  to  process  ai  substantially  lower  temperatures.  Due  to  the  large  mass 
and  the  possibility  for  the  need  for  high  deposition  temperatures,  appropriate  heat  shielding 
and  water  cooling  have  been  installed. 

A  specially  designed  vane  assembly  allows  the  deposition  in  the  ALE  mode.  The 
assembly  is  stationary  above  the  rotating  susceptor  and  consists  of  sixteen  separate 
compartments  for  the  introduction  of  up  to  sixteen  (theoretically)  different  gases  without 
mixing.  As  wafers  travel  under  it,  they  see  a  different  atmosphere  under  each  zone.  However, 
the  ALE  process  requires  a  purge  cycle  with  an  inert  gas  after  each  exposure  of  the  wafers  to 
the  reactants.  This  allows  the  time  for  the  desorption  of  physisorbed  molecules.  After  this 
cycle  only  the  chemisorbed  monolayer  remains.  If  a  purge  is  applied  after  every  exposure  to 
reactants,  half  of  the  zones  (eight)  remain  for  the  deposition.  That  means,  four  zones  for  each 
reactant,  when  a  binary  compound  is  grown.  This  arrangement  allows  the  growth  of  four 
monolayers  (about  7-10  A)  of  the  binary  compound  per  revolution  of  the  susceptor.  The 
anticipated  growth  rate  in  the  ALE  mode  is  about  1  pm  per  hour.  Figure  2  shows  the  heart  of 
the  ALE  system;  i.e.,  the  heater,  the  sample  receiver  and  the  vane  assembly. 
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Figure  1.  The  top  view  of  the  ALE  system  showing  all  three  chambers:  load  lock,  cleaning 
chamber  and  growth  chamber.  The  later  two  are  visible  also  in  the  front  view. 
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Figure  2.  The  heart  of  the  ALE  growth  system:  sample  heater,  rotating  susceptor  and  the 
vane  assembly.  The  vane  assembly  consists  of  sixteen  separate  compartments  for 
the  introduction  of  various  gases  without  mixing. 

Figure  3  shows  a  block  diagram  of  the  entire  system,  which  can  be  divided  into  three 
parts:  the  vacuum  chambers  previously  described,  the  gas  introduction  system,  and  the 
pumping  system. 

The  gas  introduction  system  is  capable  of  handling  organometallic  (OM)  and  gaseous 
precursors.  All  gases  used  in  the  deposition  are  ultra  high  purity.  They  are  further  purified  by 
chemical  purifiers  in  each  gas  line.  Each  OM  module  consists  of  a  bubbler  sitting  in  a 
constant  temperature  bath,  a  capacitance  pressure  transducer  for  measuring  the  pressure 
inside  the  bubbler,  a  manual  metering  valve  for  the  pressure  control,  a  mass  flow  controller 
for  the  control  of  the  flow  rate  of  the  carrier  gas,  and  several  manual  and  pneumatic  shut-off 
valves. 

All  this  hardware  allows  precise  dosing  of  the  OM  into  the  reaction  chamber  via  the 
control  of  three  key  parameters:  bubbler  temperature,  bubbler  pressure  and  the  carrier  gas 
flow  rate.  Since  the  partial  pressure  of  the  OM  in  the  bubbler  depends  only  on  the 
temperature  only,  one  can  calculate  the  pressure  (and  therefore  volume)  ratio  (Xom(T)). 
assuming  ideal  gas  behavior,  between  the  OM  source  and  the  carrier  gas  supplied  into  the 
reaction  chamber  simply  as  the  ratio  between  the  partial  pressure  of  the  OM  at  the  bubbler 
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Figure  3a.  Legend  for  Figure  3. 
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temperature,  pOM(T)>  and  the  partial  pressure  of  the  carrier  gas  (=  total  pressure  (Pi)-POM(T))- 

Y  POM(D 

OM(T)  p[-p0M(T) 

The  exact  number  of  moles  of  OM  introduced  into  chamber  may  then  calculated  from  the 
known  flow  rate  of  the  carrier  gas. 

The  control  of  the  introduction  of  the  gaseous  sources  is  much  simpler:  a  mass  flow 
controller  with  a  shut-off  valve. 

The  pumping  system  consists  of  two  diffusion  pumps,  one  each  for  the  cleaning  and  process 
chambers,  and  two  rotary  vane  pumps.  One  of  the  latter  serves  as  a  backing  pump  for  the 
diffusion  pumps  and  the  other  as  the  process  pump.  Both  diffusion  pumps  are  used  to  achieve 
the  ultimate  pressure  and  to  insure  a  clean  process  environment  (i.e.  a  low  pressure  of 
background  contaminants)  but  are  not  used  during  the  deposition.  The  volatile  exhaust  gases 
are  diluted  with  nitrogen  and  cleaned  in  a  water  scrubber  prior  to  their  release  into  a  central 
exhaust  system. 

Growth  Theory.  Several  different  precursors  have  been  considered  for  the  ALE  of  GaN. 
After  much  study,  organometallics  were  selected  for  the  column  III  source-materials  and 
ammonia  as  the  nitrogen  source.  Organometallic  sources  have  been  chosen  over  chlorides 
because  of  their  high  purity,  ease  of  transport  from  the  source  to  the  chamber  and  excellent 
control  over  dosing.  Triethyls  were  chosen  over  trimethyls  for  two  reasons:  (1)  lower 
decomposition  temperature  and  thus  lower  growth  temperature,  which  can  potentially  reduce 
the  concentration  of  nitrogen  vacancies,  and  (2)  cleaner  surface  reaction  (trimethyls  have 
been  known  to  leave  high  carbon  residue  at  the  higher  deposition  temperatures,  which 
become  incorporated  in  the  growing  film).  Ammonia  has  ben  chosen  over  hydrazine  and 
nitrogen  fluoride  mainly  because  of  safety  considerations  and  cleanliness.  Ammonia  is 
available  in  research  grade  purity.  Ammonia  purifiers,  which  effectively  remove  the 
remaining  water,  oxygen  and  carbohydrides,  are  also  available. 

The  reaction  energy  budget  these  precursors  offer  theoretically  favors  the  self-limiting 
ALE  deposition  of  III-V  nitrides  on  (0001)  surfaces  of  the  wurtzite  or  (111)  surfaces  of 
zincblende  substrates.  The  growth  direction  is  crucial,  because  the  number  of  bonds  a 
particular  species  makes  on  the  surface  varies  greatly  with  the  growth  direction.  A  constituent 
of  a  tetrahedrally  bonded  compound  can  make  one  surface  bond  in  the  OOOl  direction,  two 
surface  bonds  in  (1011)  direction  and  three  surface  bonds  in  the  0001  direction.  The  last  two 
cases  are  shown  in  Figures  4(a)  &  (b). 

An  estimate  of  whether  a  reaction  is  favored  or  not  can  be  made  by  comparing  the  bond 
energies  of  the  reactants  and  the  products.  The  bond  energies  between  Group  III  me'als  and 
nitrogen,  calculated  using  different  methods,  are  summarized  in  Table  I. 
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•  grow  on  high  density  planes  (111,  0001)  having 
polarity  which  more  strongly  bonds  nitrogen 
(3  bonds  with  metal) 

•  this  also  makes  surface  metal  species  more 
mobile  (surface  metal  makes  only  one  bond) 
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Figure  4.  Surface  bonds  in  two  different  growth  directions  in  cubic  and  hexagonal 
tetrahedrallv  bonded  crystals:  a)  (100)  or  (101 1 ),  and  b)  (1 1 1 )  or  (0001 ). 


Table  I.  Bond  energies  between  Group  HI  metals  and  nitrogen  obtained  by  different  methods. 


B  -  N 

Al-N 

Ga-N 

In  -  N 

Remarks 

93±5 

71±23 

87 

* 

Tabulated  values  [5] 

115 

125 

108 

105 

Pauling’s  formula  [6] 

94 

90 

65 

54 

Geometrical  mean  with  correction  [6] 

83-193 

52-122 

55-85 

47-67 

Immediate  neighbors 

72-91 

64-80 

55-69 

49-61 

Periodic  behavior 

66 

67(81) 

50(56) 

49 

Heat  of  vaporization  [7] 

87 

94 

69 

58 

Heat  of  formation  [8] 

85±5 

75±5 

65±5 

55±5 

Suggested  values 

Suppose,  the  (0001)  surface  is  saturated  with  the  Ga(C2Hs)2  species,  which  make  one 
bond  with  the  underlying  nitrogen.  When  such  a  surface  is  exposed  to  ammonia,  a  reaction 
will  occur  if  making  three  bonds  with  Ga  is  energetically  favorable  for  the  nitrogen  of  the 
ammonia  molecule.  The  process  will  end  with  a  hydrogen  terminated  surface,  which  does  not 
react  further  with  ammonia.  The  bond  energy  between  Ga  and  the  ethyl  radical  is  57 
kcal/mol,  and  the  average  bond  energy  between  nitrogen  and  hydrogen  is  about  90  kcal/mol. 
To  make  three  new  bonds  on  the  surface,  one  needs  3x57  +  2x90  -  351  kcal/mol.  On  the 
other  hand,  production  of  one  N-Ga  bond  releases  65  kcal/mol,  and  the  reaction  C2H5  +  H  — > 
C2H6  produces  about  100  kcal/mol.  Thus  the  total  energy  produced  equals  to:  3x65  + 
2x10  =  395  kcal/mol.  Since  the  energy  produced  is  larger  than  the  energy  consumed,  the 
reaction  is  favorable. 

A  similar  calculation  can  be  done  for  the  next,  Ga  layer.  The  Ga  cycle  starts  with  a 
hydrogen  terminated  nitrogen  surface.  Arriving  TEG  chemically  adsorbs  on  the  surface  by 
breaking  one  H-N  bond  (90  kcal/mol)  and  one  Ga-Ethvl  bond  (57  kcal/mol)  and  making  one 
Ga-N  bond  (65  kcal/mol)  and  one  C-H  bond  (100  kcal/mol)  producing  C2H6.  The  energy 
balance  is  147:165  and  reaction  is  again  favorable. 

The  same  calculation  is  valid  also  for  AIN  and  BN.  The  only  III  metal  with  a  marginal 
outcome  is  In,  as  can  be  seen  from  the  data  in  Table  I.  However,  such  calculations  offer  only 
a  rough  estimate,  since  data  on  bond  energies  are  not  very  accurate.  Moreover,  the  change  of 
state  from  gas  to  solid  has  been  neglected.  Energy  requirements  on  a  surface  which  acts  as  a 
catalyst  may  be  even  lower. 
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Growth  and  Analysis  Procedures.  In  order  to  test  and  characterize  the  new  equipment  and 
processes,  several  deposition  runs  were  made  using  different  growth  parameters.  Table  II 
gives  the  ranges  in  which  the  various  parameters  were  varied.  Throughout  the  test  depositions 
four  out  of  sixteen  zones  were  used  for  TEG,  four  for  ammonia  and  eight  for  the  hydrogen 
purge  gas. 


Table  n.  Growth  parameters. 


Growth  temperature 

350  -  650°C 

Growth  pressure 

0.5  -  50  Torr 

Ammonia  flow  rate 

100  -  300  seem 

H2  (purge)  flow  rate 

200  -  300  seem 

H2(OM  carrier)  flow  rate 

50-  100  seem 

TEGa  bubbler  temperature 

-10  -  20°C 

TEGa  bubbler  pressure 

400  -  800  Torr 

Rotation  speed 

1-2  RPM 

Reflectron  High  Energy  Electron  Diffraction  (RHEED)  was  performed  on  the  grown 
films  to  determine  the  crystallinity  and  structure.  Scanning  Auger  microscopy  (JEOL  JAMP- 
30)  was  performed  to  determine  the  presence  of  impurities  and  nominal  composition  of  the 
GaN  layers.  Scanning  electron  microscopy  (Hitachi  S-530)  was  performed  to  evaluate  the 
surface  morphology  of  the  deposited  thin  films. 

C.  Experimental  Results  and  Discussion 

Surface  Morphology.  Initially,  a  few.  CVD  runs  were  attempted,  where  all  reactants  were 
introduced  into  the  same  growth  zone.  The  substrate  temperatures  were  rather  high,  750- 
850°C,  and  the  process  routes  did  not  result  in  the  growth  of  any  GaN  films.  Only  large 
(>10  (im)  individual  GaN  crystals  were  observed  on  the  surface,  as  shown  in  Figures  5(a)  & 
(b).  They  are  a  possible  result  of  homogeneous  nucleation  in  the  gas  phase. 

After  a  few  unsuccessful  experiments,  the  reactants  were  separated  and  distributed  to 
different  growth  zones.  The  substrates  were  rotated  and  sequentially  exposed  to  different 
reactants.  Films  were  grown  at  constant  chamber  pressure  of  50  torr,  while  other  parameters 
such  as,  growth  temperature,  flow  rates,  and  the  rotation  speed  were  changed. 
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Figures  6,  7  and  8  show  the  surface  morphology  of  three  GaN  films  grown  under 
different  conditions.  Figures  6(a)  &  (b)  shows  a  film  grown  at  560°C.  Note  the  much  higher 
nucleation  density  than  in  Figure  5.  Figure  6(b)  has  been  taken  close  to  an  edge  of  the  wafer, 
where  the  nucleation  density  was  low,  and  the  individual  crystallites  were  clearly  seen.  All  of 
them  have  either  a  hexagonal  or  a  triangular  shape,  both  of  which  indicate  a  hexagonal 
structure.  All  of  them  are  also  oriented  in  the  same  direction;  note,  that  all  {0001 )  planes  are 
perpendicular  to  the  surface  and  {1010}  planes  of  the  individual  crystallites  are  parallel 
among  each  other.  This  indicates  a  good  epitaxial  relationship  with  the  a(6H)-SiC  (0001) 
substrate. 

Figure  7  shows  the  surface  of  a  GaN  film  grown  at  390°C.  The  film  is  continuous,  as 
confirmed  by  chemical  analysis.  The  ovals  on  the  surface  of  the  film  are  conglomerates  of 
unreacted  gallium.  Apparently  TEG  decomposes  at  this  temperature  effectively;  however,  the 
concentration  of  ammonia  is  insufficient  for  complete  reaction.  When  the  supply  of  TEG  was 
reduced  by  about  three  times,  a  clean  GaN  film  without  Ga  precipitates  was  obtained,  as 
shown  in  Figure  8.  However,  this  procedure  also  reduced  the  growth  rate  from  2000  A/hr  to 
600  A/hr. 

Chemical  Analysis.  Scanning  Auger  microscopy  was  performed  on  the  samples  to 
determine  the  presence  of  impurities  and  the  nominal  composition  of  the  GaN  layers. 
Figure  9  shows  an  Auger  spectrum  taken  from  the  untreated  growth  surface.  The  oxygen  and 
carbon  peaks  are  due  to  surface  oxidation  and  contamination  upon  exposure  to  the 
atmosphere.  No  other  contaminants  were  observed  to  the  resolution  of  the  instrument 
(typically  =0.1  at.%). 

An  Auger  depth  profile  was  also  obtained  and  is  shown  in  Figure  10.  The  profile  shows 
that  indeed  the  oxygen  and  carbon  contamination  was  only  on  the  surface.  The  apparent  low 
nitrogen  content  of  the  film  is  in  part  due  to  the  relative  elemental  sensitivity  factors.  Another 
factor  may  possibly  be  a  result  of  the  sputtering  action  of  the  3  kV  Ar+  ions.  A  similar  effect 
has  been  seen  in  InN9. 

Electron  Diffraction.  Reflection  high-energy  electron  diffraction  (RHEED)  was  per¬ 
formed  on  GaN  films.  Films  grown  at  350°C  and  lower  showed  only  a  diffused  ring 
diffraction  pattern  and  were  apparently  amorphous.  Films  grown  at  380°C  or  higher  showed  a 
distinct  diffraction  pattern  indicative  of  the  wurtzite  structure.  Diffraction  patterns  of  a  film 
grown  at  390°C  and  taken  in  two  different  directions  are  shown  in  Figure  11.  Although 
Kikuchi  lines  were  observed  which  are  the  fingerprint  of  good  crystallinity,  the  surface  of  the 
film  appears  to  be  rough,  as  shown  by  the  spotty  diffraction  pattern. 
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'jure  Ct.  a  i  Surface  morphology  of  GaN  on  a-SiC  grown  at  SbO  C  Note  a  much  higher 

nueleation  density  than  in  Fitzure  ?.  h)  A  micrograph  taken  at  the  edge  of  the  same 
wafer,  where  the  nueleation  density  was  low.  Note  the  perfect  orientational 
relationship  between  individual  crystallites. 
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Figure  9.  Auger  spectrum  taken  from  the  untreated  GaN  surface.  Only  oxygen  and  carbon 
contamination  was  detected,  which  is  due  to  exposure  to  the  atmosphere. 


Figure  10.  Auger  depth  profile  of  GaN  on  a-SiC  (0001).  Oxygen  and  carbon  contamination 
was  detected  only  at  the  surface. 


D.  Conclusions 

The  initial  results  of  the  ALE  growth  of  GaN  are  very  encouraging.  The  system  has  been 
performing  in  a  satisfactory  manner.  Although  the  growth  results  are  improving  from  run  to 
run,  the  self-limiting  ALE  growth  regime  has  not  yet  been  achieved. 

Apparently  ammonia  does  not  react  very  efficiently  at  the  present  growth  temperatures. 
To  promote  the  reaction,  tungsten  cracker  filaments  were  installed  in  each  ammonia  zone. 
These  filaments  will  run  at  800-1 200°C  which  is  much  higher  than  the  substrate  temperature 
and  should  greatly  enhance  the  reactivity  of  ammonia. 

E.  Future  Research 

The  research  on  the  ALE  of  GaN  will  be  continued.  A  similar  process  for  AIN  and  their 
solid  solutions  and  heterostructures  will  also  be  determined  and  employed.  The  conditions  for 
a  self  limiting  process  in  the  growth  of  all  III-V  nitrides  will  be  investigated.  The 
effectiveness  of  the  ammonia  decomposition  in  the  cracker  filaments  on  the  low  temperature 
(<350°C)  deposition  of  stoichiometric  GaN  and  AIN  will  also  be  determined. 

n.  GROWTH  OF  CUBIC  BORON  NITRIDE 

A.  Introduction 

Boron  nitride  has  long  been  known  for  its  desirable  properties  as  a  highly  insulating  as 
well  as  a  chemically  and  thermally  stable  material.  Thin  films  of  cubic  boron  nitride  (C-BN) 
have  many  potential  applications  in  areas  such  as  diamond  substrates  and  optoelectronic 
devices  in  the  vacuum  ultraviolet.  The  cubic  phase  was  first  reported  by  Wentorf,[10]  who 
produced  it  in  a  high  pressure  apparatus  and  even  made  the  initial  measurements  on  the 
material’s  semiconducting  properties.  It  has  been  used  since  then  primarily  for  its  high 
hardness  in  applications  such  as  grinding  and  polishing.  The  cubic  phase  of  BN  is  actually 
the  zinc  blende  structure  or  in  space  group  notation  F43m  (Hermann-Mauguin)  or  T  \ 
(Schoenflies).  Boron  nitride  is  very  similar  to  carbon  in  that  both  exist  in  hexagonal, 
wurtzitic,  and  cubic  forms  and  many  of  the  properties  in  each  of  the  phases  are  strikingly 
similar.  The  rare  exception  is  that  hexagonal  boron  nitride  is  an  insulator  and  hexa-gonal 
carbon  is  a  conductor.  Among  the  many  similarities  include  the  fact  that  both  diamond  and  c- 
BN  are  metastable  under  the  conditions  currently  used  for  growth  of  thin  films. 

Interest  in  the  cubic  polymorph  of  BN  as  a  semiconductor  material  has  received  much 
interest  recently  as  a  possible  substrate  for  the  deposition  of  diamond,  due  to  the  similar  lat¬ 
tice  parameters  (Aa0=1.34%)  and  its  wider  bandgap  which  is  in  the  range  of  5. 8-6.5  eV.f  11  — 
13]  The  very  wide  bandgap  of  c-BN  also  gives  c-BN  applications  in  its  own  right,  as  optical 
devices  for  the  vacuum  UV  (X~ 200  nm).  For  a  complete  listing  of  materials-related  properties 
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of  c-BN  see  Landolt-Bdrnstein.Numerical  Data  and  Functional  Relationships  in  Science  and 
Technology,  Series  III,  Vols.  17  and  23,  or  Ref.  [14]  (which  also  includes  a  side-by-side 
comparison  of  properties  of  c-BN  with  diamond). 

Several  approaches  have  been  employed  in  the  attempt  to  grow  thin  films  of  cubic  boron 
nitride  (c-BN).  These  include  reactive  diode[15]  and  rf  sputtering, [16]  ion  implantation,[17, 
18]  plasma  CVD, [19-21]  microwave  plasma  CVD,[22,  23]  and  ion  plating  techniques.  [24- 
27]  These  attempts  were  successful  in  producing  polycrystalline  films  of  c-BN,  pre¬ 
dominantly  of  a  mixed  nature  with  both  cubic  and  other  phases  present  and  of  extremely  fine 
grain  size.  It  appears  that  most  researchers  succeeded  in  the  deposition  of  c-BN  if  the 
technique  included  the  input  of  additional  energy  from  energetic  ions  during  the  deposition 
process. 

B.  Selection  of  Substrate  Materials,  Deposition  Technologies  and  Analytical  Techniques 

Substrate  Materials.  In  the  present  study,  film  growth  has  been  attempted  primarily  on 
single  crystals  of  silicon  and  copper.  Silicon  was  chosen  since  it  is  well  characterized  and 
understood,  readily  available  in  single  crystal  form,  and  nearly  all  previous  studies  have 
included  silicon  as  a  substrate.  Additionally,  it  is  a  technologically  important  material  for 
heteroepitaxy  of  c-BN  in  microelectronic  applications.  There  is  also  some  evidence  that 
indicates  that  despite  the  high  lattice  mismatch  of  c-BN-»Si  (=33%),  a  much  lower  strain 
(=4%)  atomic  coincidence  boundary  does  occur,[28]  which  might  permit  high  quality  layers 
to  be  produced  with  Si  as  a  substrate. 

Copper  was  chosen  primarily  because  of  its  near  perfect  lattice  match  (Aa^O.022%).  The 
thermal  expansion  difference  is  slight  (=10  ppm/°C)  and  actually  improves  the  lattice  match 
at  growth  temperatures.  Copper  does  form  a  nitride  (CU3N)  which  could  pose  a  problem  at 
the  growth  interface,  but  it  decomposes  above  300-400°C,[29]  and  its  lattice  parameter 
(3.815  A)[30]  is  only  =5%  larger  than  c-BN.  Since  growths  have  taken  place  at  higher 
temperatures  (500-700°C),  formation  of  an  interfacial  phase  which  might  interfere  with  the 
growing  layer  is  not  expected.  Surface  energy  difference  is  a  problem,  as  copper  has  a  much 
lower  surface  energy  than  c-BN  (1430  vs.  4770  erg/cm2). [14,  31]  This  problem  plagues  c-BN 
heteroepitaxial  deposition  in  every  case  except  c-BN  on  diamond.  This  problem  will  be 
discussed  further  in  the  section  on  Future  Research. 

Deposition  Technologies.  Gas  source  molecular  beam  epitaxy  (GSMBE)  was  chosen  for 
several  reasons.  The  UHV  conditions  of  the  system  provided  very  clean  background 
conditions  for  growth.  Many  if  not  all  of  the  films  grown  in  previous  studies  contained 
oxygen  in  the  films  and  contamination  is  a  serious  problem  for  electronic  materials.  The  in 
situ  capability  of  RHEED  as  well  as  the  additional  in  vacuum  analytical  techniques  of  LEED 
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and  XPS,  permit  careful  evaluation  of  the  film  before  degradation  upon  exposure  to  the 
atmosphere. 

The  compact  ECR  source  (described  briefly  in  the  Experimental  Procedure  and  in  detail 
in  Ref.  [32])  produces  excited  as  well  as  ground  state  species  within  the  intense  plasma 
conditions  of  the  source.  The  presence  of  these  excited  species  is  important  to  the  formation 
of  the  metastable  cubic  phase.  Since  the  difference  in  enthalpy  of  formation  between  the 
hexagonal  and  cubic  phases  is  small  (=3.63  kcal/mol  @  25°C),  the  primary  problem  is  a  very 
high  activation  barrier  between  the  phases.  Use  of  these  excited  state  species  is  important  to 
overcoming  this  barrier.  However,  very  high  kinetic  energy  species  are  not  desired  as  they 
will  produce  many  defects  in  the  growing  layer.  This  problem  will  be  discussed  further  in  the 
section  on  Future  Research. 

Microwave  plasma  CVD  was  also  investigated  as  a  potential  method  of  depositing  c-BN 
films  since  some  investigators  had  used  it  successfully  in  producing  partially  c-BN  films  and 
might  be  successfully  extended  to  single  crystal  films.  An  agreement  was  reached  with 
ASTeX,  Inc.,  in  Boston,  MA,  whereby  one  of  their  microwave  plasma  CVD  systems  was 
adapted  for  BN  deposition.  This  involved  installing  a  new  mass  flow  controller  and  a  bottle 
of  borazine  liquid  into  the  gas  handling  system.  For  the  depositions,  M.  J.  Paisley  went  to 
ASTeX,  Inc.,  and  worked  with  Mr.  Larry  Bourget  of  ASTeX  in  setting  process  parameters 
and  performing  the  depositions. 

Analytical  Techniques.  XPS,  RHEED,  and  LEED  are  i.i  vacuo  techniques  for  the  MBE 
system  and  thus  are  natural  choices  for  films  grown  in  that  system.  RHEED  (for  review  of  the 
use  of  RHEED  see  Ref.  [33])  and  LEED  (described  in  detail  in  Ref.  [34])  are  very  sensitive 
techniques  for  determining  crystal  structures  and  can  also  give  information  regarding  certain 
details  of  surface  morphology.  XPS  gives  information  regarding  chemical  purity  and  some 
information  regarding  chemical  state  of  constituent  species.  This  is  not  particularly  true  for 
nitrogen,  as  its  electronegativity  (only  oxygen,  chlorine  and  fluorine  are  higher)  results  in 
only  very  minor  shifts  in  peak  position  as  a  function  of  stoichiometry. [35]  XPS  can 
potentially  also  give  structural  information  through  the  plasmon  loss  features  associated  with 
the  elemental  peaks. [36] 

X-ray  diffraction  and  TEM  also  give  very  good  structural  information,  x-ray  diffraction 
on  a  much  broader  scale  than  RHEED  and  LEED,  while  TEM  is  on  a  much  finer  scale  of 
structure.  In  addition,  TEM  and  SEM  give  detailed  structural  and  morphological  information 
on  the  films  and  substrates. 

Additional  purity  and  local  structure  information  can  be  obtained  from  transmission  FT- 
IR  measurements.  The  infrared  region  corresponds  to  excitation  of  phonon  modes  in  the 
material  for  bond  stretching  and  bond  bending  processes. [37]  These  energies  are  unique  for 
each  type  of  bond,  so  that  B-N  bond  stretching  can  be  differentiated  from  B-H  bond 
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stretching,  etc.  This  differentiation  allows  FT-IR  to  determine  presence  of  contaminants  in 
general,  and  an  ability  to  detect  hydrogen,  which  is  difficult  by  most  analytical  methods. 
Since  some  of  these  bond  excitation  processes  are  three-dimensional  in  nature  and  are 
restricted  in  their  degrees  of  freedom  by  the  surrounding  crystal  lattice,  FT-IR  also  provides 
local  structural  information  which  can  indicate  the  structure  of  the  surrounding  lattice.[38] 

Silicon  is  an  excellent  substrate  material  for  FT-ER  measurements  since  it  is  transparent  in 
the  infrared  region  scanned  (400-4800  cm-1,  0.05-0.6  eV,  X=25-2  pm).  For  these  reasons, 
transmission  FT-IR  has  been  used  by  many  researchers[21,  22,  27,  39-42]  as  a  non¬ 
destructive  technique  for  observing  the  cubic  and  hexagonal  or  amorphous  phases  of 
deposited  BN  films. 

Raman  spectroscopy  excites  the  same  phonon  modes  in  the  material  as  infrared 
spectroscopy  though  via  different  processes.  Whether  a  phonon  mode  is  infrared  or  Raman 
active  (or  both  or  neither)  is  dependent  upon  whether  or  not  creating  (or  destroying)  that 
phonon  would  change  the  dipole  moment  or  electronic  polarizability,  respectively,  of  the 
crystal.  Since  the  lattice  site  symmetry  of  the  molecule  is  different  in  different  crystal 
structures,  Raman  and/or  infrared  spectroscopy  can  be  used  to  determine  crystal  struc¬ 
tures.  [37,  38]  This  can  be  critical  in  cases  of  single  crystal  films  as  certain  phonon  modes  can 
be  suppressed  when  analyzing  samples  in  specific  orientations.  [43] 

C.  Experimental  Procedures 

Gas  Source  MBE.  The  primary  deposition  technique  was  GSMBE  wherein  elemental 
boron  is  evaporated  from  a  high  temperature  effusion  cell  and  molecular  nitrogen  gas  is 
passed  through  a  compact  electron  cyclotron  resonance  (ECR)  plasma  source  to  activate  and 
dissociate  the  nitrogen.  The  growth  system  was  a  Perkin-Elmer  430  MBE  system  modified  as 
described  below.  It  consisted  of  three  major  sections:  a  load  lock  (base  pressure 
=5  x  10'8  Torr),  a  transfer  tube  (base  pressure  =3  x  1010  Torr)  which  was  used  to  degas  the 
substrates,  and  the  growth  chamber  (base  pressure  =1  x  1010  Torr).  The  growth  chamber  was 
equipped  with  four  standard  20  cc  effusion  cells  that  contained  BN  crucibles  which  were 
resistively  heated  with  Ta  wire  heaters  used  in  research  of  other  nitrides. 

One  modification  was  the  addition  of  a  special  high  temperature  effusion  cell.  This  cell 
uses  a  W3%Re-W26%Re  thermocouple  and  a  tungsten  alloy  heater  filament  which  is  driven 
by  a  2700  W  DC  power  supply.  It  mounts  on  a  standard  4.5"  metal  seal  flange  along  with  all 
the  other  metal  evaporation  sources.  A  BN  crucible  was  used  as  it  was  believed  that  slight 
decomposition  of  the  crucible  at  the  elevated  operating  temperatures  would  not  affect  the 
growth  of  BN  films.  Prior  to  installation  of  the  source,  the  BN  crucible  was  loaded  with  3  g 
of  99.9999%  pure  boron. 
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The  more  significant  modification  was  the  use  of  a  compact  ECR  microwave  glow- 
discharge  plasma  to  dissociate/activate  the  N  containing  gas.  This  source  was  designed  and 
commissioned  in  an  in-house  effort  by  Dr.  Zlatko  Sitar.[32]  This  source  has  the  advantages 
of  fitting  inside  the  nominal  two-inch  diameter  tube  of  the  source  flange  cryoshroud  and  thus 
minimize  the  source  to  substrate  distance.  As  a  result,  the  flux  of  activated/dissociated 
species  arriving  at  the  substrate  surface  is  increased.  This  source  was  attached  in  place  of  a 
more  traditional  effusion  (or  cracker)  cell  for  the  group  V  element.  The  nitrogen  gas  was 
taken  from  a  bottle  of  compressed  UHP-grade  nitrogen,  purified  by  a  metallorganic  resin  bed 
gettering  material  and  subsequently  regulated  to  the  source  by  a  variable  leak  valve. 

Some  depositions  also  included  use  of  borazine  (B3N3H6)  in  a  nitrogen  carrier  gas  as 
both  a  source  for  boron  and  for  nitrogen.  Borazine  was  chosen  as  a  gas  source  for  boron  to 
investigate  activation  of  the  source  of  boron  in  the  ECR  plasma  as  well  as  an  attempt  to 
determine  if  boron-nitrogen  compounds  provide  a  more  suitable  precursor  since  the  B-N 
bond  already  exists  in  the  material.  This  was  done  by  placing  the  borazine  (which  is  liquid  at 
STP)  in  a  temperature  controlled  bubbler  and  passing  nitrogen  gas  through  it  which  then 
passed  into  the  ECR  source. 

Substrate  preparation  involved  a  30  min.  exposure  to  UV  which  has  been  shown  to 
remove  hydrocarbon  contamination, [44]  followed  by  a  dilute  acid  etch  to  remove  oxide 
layers.  In  the  case  of  Si,  a  solution  of  H20:HF  (10:1)  was  used, [45]  and  for  Cu,  a  solution  of 
H2O.HCI  (10:1)  was  used.[46]  Subsequently,  the  substrates  were  mounted  on  a  Mo  holder 
using  either  molten  indium  or  silver  paste.  Silver  paste  was  very  important  for  the  copper 
substrates  as  they  were  extremely  sensitive  to  oxidation  and  would  oxidize  heavily  in 
attempting  to  indium  bond  the  substrates. 

Samples  were  then  loaded  into  a  cryopumped  load  lock.  After  the  initial  evacuation,  the 
samples  were  loaded  into  the  transfer  tube  where  they  were  degassed  to  a  temperature  of 
700°C.  Immediately  after  degassing  they  were  loaded  into  the  growth  chamber  and  the 
deposition  cycle  began.  Typical  deposition  conditions  used  are  shown  in  Table  I. 


Table  I.  Deposition  Conditions  used  in  GSMBE  of  BN 


Nitrogen  pressure 

Microwave  power 

Boron  temperature 

Borazine  temperature  (where  used) 

Substrate  temperature 

Growth  time  (BN) 

Deposited  film  thickness 


1-2x10'^  Torr 
20-50  W 
1725  -  1775°C 
-10°C 
600  -  700°C 
120  -  360  min. 
10-850  A 


Subsequent  to  deposition  the  sample  would  either  be  moved  to  the  load  lock  for  removal 
from  the  system  or  transferred  to  the  analytical  system  for  additional  characterization. 

Microwave  Plasma  CVD.  The  microwave  plasma  CVD  system  consisted  of  a  gas 
manifold  where  gases  could  be  injected  directly  into  the  plasma  or  downstream  from  it. 
Depositions  were  performed  in  two  modes:  (1)  borazine,  nitrogen  and  argon  were  introduced 
in  the  plasma,  and  (2)  argon  and  nitrogen  were  injected  into  the  plasma  and  the  borazine  was 
injected  downstream.  The  substrate  support  was  isolated  making  it  possible  to  add  rf  biasing 
to  the  substrate  to  increase  ion  bombardment  from  the  plasma.  A  schematic  diagram  of  the 
ASTeX  system  is  shown  in  Figure  12. 

Substrates  of  Si  (100)  or  Si  ( 1 1 1 )  along  with  quartz  and  tool  steel  were  placed  into  a  load 
lock  and  evacuated  before  loading  into  the  main  deposition  chamber.  Then  the  samples  were 
heated  under  vacuum  until  the  deposition  temperature  was  reached.  Finally,  gas  flow  was 
begun  and  the  plasma  was  ignited  and  deposition  commenced.  In  situations  where  substrate 
bias  was  used,  the  plasma  was  initiated  and  stabilized  then  the  bias  conditions  established  and 
finally  deposition  began.  After  deposition,  the  samples  were  cooled  and  removed  for 
ellipsometry  and  eventual  further  analysis  at  NCSU.  The  range  of  conditions  used  for 
deposition  is  shown  in  Table  II. 


Table  II.  Deposition  Conditions  used  in  MWCVD  of  BN 


Borazine  flow 

1.5-  10  seem 

Nitrogen  flow 

0-20  seem 

Argon  flow 

0-50  seem 

Chamber  pressure 

0.9  -  5.0  mTorr 

Microwave  power 

500-  1000  W 

Substrate  temperature 

590  -  620°  C 

Substrate  rf-induccd  voltage 

0  to  -65  V 

Growth  time  (BN) 

3-30  min. 

Deposited  film  thickness 

50  -  2000  nm 

Some  readers  might  be  confused  by  the  entry  for  Substrate  rf  bias  voltage  listed  in 
Table  II.  When  the  rf  bias  was  applied  to  the  substrate,  the  presence  of  the  plasma  caused  a 
DC  bias  to  be  induced  on  the  substrate  surface.  T'..i»  bias  resulted  in  ions  being  accelerated  to 
the  substrate  surface.  This  induced  bias  is  a  much  more  descriptive  measure  of  the  effects  of 
the  rf  biasing  than  the  measure  of  rf  bias  power  applied,  and  thus  is  used  instead  of  the 
power.  (Note:  This  rf  bias  was  measured  simply  by  attaching  a  voltmeter  between  ground  a 
the  substrate  holder  w  ith  the  addition  of  a  low-pass  filler  to  protect  the  voltmeter  from  rf 
voltages.) 
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Figure  12.  Schematic  diagram  of  microwave  plasma  CVD  system  used  at  ASTeX,  Inc.  to 
deposit  BN  Films. 
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D.  Results 
Gas  Source  MBE 

BN  on  Silicon  (100)  Substrates.  The  BN  films  grown  on  silicon  substrates  exhibited  very 
good  chemical  purity  but  poor  crystal  structure  definition  as  was  shown  in  the  previous 
progress  report  of  December,  1990.  Only  nev  and  additional  results  will  be  reported  here. 

Infrared  spectroscopy  (FT-IR)  can  be  used  to  give  further  chemical  and  structural 
information  on  the  deposited  layer.  Arrangements  were  made  to  perform  FT-IR  mer  <mre- 
ments  in  the  Textile  Engineering,  Chemistry,  and  Science  Department  here  at  NCSU.  Shown 
in  Figure  13  is  an  FT-IR  spectra  showing  absorption  features  of  the  BN  film  after  background 
subtraction  for  the  Si  substrate  and  atmospheric  absorption  effects. 


Figure  13.  Transmission  FT-IR  spectra  of  BN  deposited  on  Si  (100)  substrate.  Inverted  CO2 
absorption  peak  is  present  because  concentration  was  lower  when  analyzing 
sample  than  for  instrument  baseline  spectrum. 

Copner  Substrates.  Analyses  of  the  initial  copper  substrates  (99.999%  pure)  were 
undertaken  to  determine  the  initial  purity  of  the  substrate  surface  as  well  as  its  surface 
structure.  Figure  14  shows  the  Auger  electron  spectrum  of  the  substrate  surface  after  700°C 
vacuum  anneal.  Note  that  no  oxygen  and  only  a  trace  of  carbon  are  observed,  indicative  of 
good  substrate  preparation  prior  to  evacuation.  The  sulfur  peak  and  some  of  the  copper  peaks 
appear  as  doublets  indicating  that  the  sulfur  is  present  in  two  different  states.  There  is  no 
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chlorine  present  which  is  observed  in  HCl-etched  copper,  [46]  probably  due  to  removal  of  the 
chlorine  from  the  surface  in  the  vacuum  annealing  stage. 


Figure  14.  Auger  electron  spectrum  of  Cu(110)  substrate.  Note  presence  of  sulfur  (doublet) 
and  trace  of  carbon  contamination. 

To  determine  the  degree  of  surface  order,  LEED  patterns  were  taken  at  several  different 
voltages.  Shown  in  Figures  15  and  16  are  two  of  the  LEED  patterns  observed  from  the 
Cu(110)  surface.  Note  that  several  fractional  order  beams  are  observed  clearly  in  Figure  15 
and  this  pattern  is  tentatively  assigned  (1x1 )  with  additional  spot  splitting. 

This  is  more  clearly  observed  in  Figure  16,  where  a  more  complete  but  more  diffuse 
pattern  is  observed.  The  more  complete  pattern  is  due  just  to  the  decrease  in  electron 
wavelength  as  the  electron  energy  is  increased. 

High  resolution  field  emission  SEM  (Hitachi  S-4000)  photographs  were  taken  to 
determine  the  quality  of  the  initial  growth  surface  of  the  Cu  substrates.  Figure  17  shows  both 
low  and  high  magnification  images  from  the  substrate  surface.  The  relatively  smooth  surface 
is  apparent,  except  for  occasional  scratches  and  a  very  fine  texturing  observable  only  at  high 
magnification.  Some  small  dimples  were  also  observed  in  the  surface  from  the 
electrochemical  polishing  step  (not  shown)  which  were  widely  separated. 
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(a)  (b) 

Figure  17.  High  resolution  SEM  photograph  of  Cu  (110)  surface:  (a)  low  magnification 
image  with  gray  pattern  of  low'  levels  of  hydrocarbon  contamination  but  smooth 
surface,  and  (b)  higher  magnification  showing  very  fine  texturing  of  surface. 

B. V  on  Copper  Substrates,  After  deposition  of  the  BN  films,  the  samples  were  reanalyzed 
by  XT’S  and  LEED  to  determine  their  purity  and  surface  structure.  Figure  18  show  the  XPS 
results  for  the  BN  on  Cu  (110).  Note  that  there  is  no  contamination  apparent  and  that  the 
copper  peaks  are  quite  strong.  Standard  sensitivity  factors[47]  show  that  copper  is  not  present 
in  the  ratio  that  appears  in  the  figure.  While  these  sensitivity  factors  do  not  necessarily  apply 
for  the  spectrometer  used,  the  sensitivities  would  not  likely  vary  dramatically. 

RHEED  performed  after  the  growth  showed  a  diffuse  Cu  (110)  pattern  indicating 
crystalline  growth.  LEED  results  after  deposition  showed  that  the  reconstruction  spots  had 
disappeared  but  the  basic  [110]  pattern  remained  as  can  be  seen  in  Figure  1().  The  pattern  also 
has  a  much  higher  background  intensity  than  before  deposition. 

At  higher  beam  energies,  streaking  in  the  1 11 0 1  direction  is  apparent  as  shown  in 
Figure  20.  This  streaking  indicates  formation  of  small  facets  or  steps  .|34] 

After  removal  from  the  chamber,  sample  surfaces  were  again  observed  in  a  high 
resolution  field  emission  SEM.  The  BN  surface  is  shown  in  Figure  21. 

Samples  were  also  examined  with  Raman  spectroscopy  (in  the  laboratory  ot  Robert 
Nemamch).  There  were  no  observable  peaks  in  the  spectra.  /.<•..  no  peaks  from  either 
hexagonal  or  cubic  phases  of  boron  nitride. 


Binding  Energy  (eV) 


Figure  18.  XPS  spectrum  of  BN  deposit  on  Cu(l  10)  substrate.  Cu-2p3/2  sensitivity  is  ~50x 
greater  than  that  of  B-ls  and  ~10x  greater  than  N-ls. 
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Microwave  Plasma  CVD.  After  removal  from  the  system  the  films  were  analyzed  using  a 
rotating  polarizer  type  ellipsometer.  This  gave  index  of  refraction  results  for  the  grown  films 
and  the  resulting  index  varied  over  the  range  of  1.65-2.28  (c-BN  /z=2.12)  An  x-ray  spectrum 
is  shown  in  Figure  22,  where  the  measured  index  was  2.01. 


Figure  22.  Typical  x-ray  spectrum  from  BN  deposited  in  ASTeX  microwave  CVD  system. 

Note  BN  region  which  cannot  be  resolved  into  individual  peaks  present. 

FT-IR  spectra  of  this  film  shows  both  hexagonal  and  cubic  BN  phases  present  along  with 
very  minor  amounts  of  hydrogen  incorporation  under  some  processing  conditions  as  is  shown 
in  Figures  23  and  24. 

Compare  that  spectrum  with  Figure  24  which  shows  spectra  from  several  different 
deposition  conditions.  Note  the  variation  in  intensity  of  the  N-H  stretch  and  3240  cm-1  peaks 
as  well  as  both  peaks  for  h-BN. 

As  a  companion  technique  to  the  FT-IR,  samples  were  analyzed  with  Raman 
spectroscopy.  Figure  25  shows  a  spectrum  from  the  best  conditions  film  showing  a  mix  of 
phases. 

Next  cross-section  TEM  samples  of  the  apparent  best  condition  (1000  W,  10  seem  Ar, 
0  V  bias)  were  prepared  using  standard  techniques. [48]  Shown  in  Figure  26  is  a  bright  field 
image  (z=[l  10])  of  the  BN  film  with  the  SAD  pattern  in  the  inset.  Not  shown  in  this  figure. 
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hydrogen/argon  incorporation  (Ar  flow=  10  seem,  1000  W,  0  V  bias). 


Figure  24.  FT-IR  spectra  of  BN  on  Si  (111)  under  various  processing  conditions  showing 
heavily  distorted  h-BN  and  c-BN  (almost  invisible)  peaks  and  showing  strong 
hydrogen/argon  incorporation. 
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Figure  25.  Raman  spectrum  of  BN  on  Si  (111).  Shows  presence  of  peak  from  h-BN 
(1371cm-1),  c-BN  (1295  cm-1),  and  unknown  peak  (1244  cm-1).  The  offscale 
peak  at  120  cm-1  is  due  to  overhead  lights  and  should  be  ignored. 
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Figure  26.  XTEM  photograph  of  BN  on  Si  (1 1 1)  with  z=[  1 1()|.  Inset  shows  SAD  pattern  of 
Si  with  oriented  polycrystaliine  h-BN. 
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but  observed  were  areas  of  amorphous  nature  as  well.  The  film  is  measured  to  be  0.7  pm 
thick  which  corresponds  to  a  1.4  pm/hr  growth  rate. 

Samples  grown  at  high  substrate  bias  condition  (>50  V)  delaminated  from  the  Si 
substrate.  Pieces  of  the  delaminated  films  were  placed  on  nickel  grids  and  examined  in  the 
TEM.  Figure  27  shows  an  SAD  patterns  from  a  typical  region  of  the  BN  layer. 


Figure  27.  SAD  pattern  typical  of  BN  layers  showing  diffuse  rings  indicative  of  amorphous 
nature  with  some  sharper  rings  showing  hexagonal  structure. 

E.  Discussion 

Gas  Source  MBE 

BN  on  Silicon  (100)  Substrates .  The  FT-IR  spectra  shown  in  Figure  13  indicates  the 
presence  of  a-BN  and  c-BN.  The  peaks  labeled  a-BN  are  in  the  same  location  as  seen  for  h- 
BN.  This  points  to  a  minor  problem  in  that  the  infrared  absorption  spectra  cannot  seemingly 
differentiate  between  amorphous  BN  (a-BN)  and  h-BN.  For  example,  Ikeda  el  a!\ 24]  reported 
IR  peaks  for  a-BN  in  the  same  location  as  they  occur  for  h-BN. [49]  This  is  because  while  the 
c-BN  peak  is  due  to  a  three  dimensional  process  (transverse  optical  or  TO)  phonon  while  the 
h-BN  peaks  are  due  to  B-N  stretching  and  B-N-B  bending,  which  are  lower-dimensional 
processes.  We  suggest  that  these  lower-dimensional  processes  are  perhaps  not  sufficiently 
sensitive  to  long  range  order  to  differentiate  between  amorphous  and  hexagonal  phases.  Thus 


the  assignment  of  these  peaks  as  a-BN  rather  than  h-BN  is  based  on  x-ray  and  TEM 
diffraction  data  as  well,  and  not  just  FT-IR  information  alone. 

Copper  Substrates.  The  initial  state  of  the  growth  state  is  important  to  the  formation  of 
high  quality  deposited  films.  It  may  be  even  more  critical  in  the  case  of  c-BN,  as  the  cubic 
periodicity  of  the  substrate  surface  may  help  induce  the  metastable  formation  of  c-BN. 

The  initial  substrates  were  found  to  have  significant  levels  sulfur  contamination  as  was 
shown  in  Figure  14.  The  source  of  sulfur  is  unclear  at  present,  but  a  common  electrochemical 
etching  solution  (used  after  mechanical  polishing)  is  mercapto-sulfur  based, [46]  and  thus  is  a 
likely  candidate  source  of  the  sulfur.  This  sulfur  would  most  likely  appear  as  Q12S  (m.p. 
=1100°C),  since  sulfur  has  a  low  boiling  point  (=450°C)  and  would  have  been  removed  by 
the  anneal.  The  split  peak  in  the  sulfur  Auger  spectrum  of  Figure  14  may  indicate  presence 
two  types  of  sulfide,  but  by  itself,  is  not  sufficient  evidence  to  determine  the  states  of  sulfur 
on  the  copper  surface. 

Clean  Cu  (110)  surfaces  have  a  simple  (1x1)  structure,[20]  whereas  sulfur  adsorbed  on 
Cu  (110)  induces  several  different  surface  reconstructions,  depending  on  the  amount  of 
coverage.  Boulliard  and  Sotto[50]  reported  that  Domange  had  determined  the  saturation 
coverage  of  sulfur  on  Cu  (110)  to  be  0.64.  Boulliard  and  Sotto  found  that  sulfur  induced 
numerous  reconstructions  changing  with  increasing  normalized  fraction  of  the  saturation 
level  (0).  At  near  saturation  levels  (0.7<9<1.0),  they  observed  (V2.V2)  doublets  in  the  [llO] 
direction.  They  also  observed  as  coverage  increased,  the  separation  of  the  doublets  increased 
until  it  became  a  c(8x2)  structure.  They  also  mention  that  at  or  near  saturation,  others 
observed  a  C(2x3)  structure. 

Figures  15  and  16  together  show  indications  of  the  widely  separated  (V2.V2)  doublets  in 
the  [llO]  direction,  indicating  a  near  saturation  coverage  of  sulfur.  In  addition  the  spots  are 
diffuse  which  may  indicate  disorder  in  the  sulfur  surface,  which  may  explain  the  splitting 
observed  in  the  sulfur  Auger  peak. 

It  has  been  reported  by  Yarmoff  and  Williams[51]  that  a  LEED  pattern  with  small  spot 
size  and  low  background  intensity  does  not  necessarily  reflect  a  well-ordered  surface  in 
copper.  However,  their  annealing  steps  were  at  a  homologous  temperature  of  only  0.43  Tm, 
while  these  substrates  were  annealed  at  0.59  Tm.  So  it  is  expected  that  the  copper  near¬ 
surface  region  is  at  the  very  least,  approaching  a  well-ordered  condition  and  the  diffuse  spots 
are  from  disorder  in  the  sulfur  coverage,  rather  than  disorder  in  the  underlying  copper  lattice. 

BN  on  Copper  Substrates.  The  XPS  spectrum  in  Figure  18  showed  that  that  the  sulfur  and 
trace  carbon  are  now  completely  gone  and  only  copper,  boron,  and  nitrogen  remain.  Note  that 
the  copper  was  still  very  much  in  evidence  after  deposition  of  a  film  which  should  have  been 
-500  A  thick.  Given  the  surface  sensitivity  of  the  technique,  this  thickness  would  very 
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thoroughly  eliminate  the  copper  peaks  from  the  spectrum.  The  large  difference  in  elemental 
sensitivities  shows  that  the  substrate  is  covered  more  completely  than  it  first  appears,  but 
does  not  explain  why  the  copper  peaks  are  still  present. 

This  is  most  likely  due  to  island  formation  which  occurs  when  the  surface  energy  of  the 
adlayer  is  higher  than  that  of  the  substrate.  As  was  discussed  in  the  Introduction,  the  surface 
energy  of  c-BN  is  over  four  times  as  much  as  that  of  copper  (1430  vs.  4770  erg/cm2).[14,  31] 
This  large  difference  is  a  strong  driving  force  for  the  formation  of  islands  on  the  surface 
rather  than  the  smooth  film  desired.  Island  formation  is  also  indicated  by  the  LEED 
photographs  shown  in  Figures  19  and  20.  The  basic  Cu  (110)  pattern  is  still  evident  in 
Figure  19  though  more  diffuse  and  Figure  20  shows  that  the  [110]  spot  splitting  has  become 
simple  streaking  along  the  same  direction.  These  streaks  are  usually  attributed  to  formation  of 
directional  steps  or  facets  along  the  surface. 

The  idea  of  island  formation  is  confirmed  after  examination  of  the  surface  with  a  high 
resolution  SEM  as  was  shown  in  Figure  21(a)  and  (b).  Islands  are  clearly  visible  in  both 
micrographs  with  a  rectangular  structure  evident  in  Figure  21(b).  The  Raman  spectra  from 
these  samples  gave  no  evidence  of  either  cubic  or  hexagonal  structure.  This  may  be  due  to 
being  amorphous  or  to  being  microcrystalline  as  Ikeda  et  al  have  attributed  to  their  films.[27] 
It  should  be  emphasized  that  due  to  the  strong  island  formation  observed,  that  the  RHEED 
and  LEED  results  cannot  be  used  as  indicator  as  to  the  crystalline  nature  of  the  BN  deposit, 
and  will  thus  require  further  analysis  to  determine  the  structure. 

Microwave  Plasma  CVD.  The  x-ray  diffraction  spectrum  in  Figure  22  shows  only  a  broad 
band  of  reflections  in  the  region  of  42-50°  20,  Vkiucli  as  Ol,  suu  from  Table  III  covers  a 
number  of  peaks  from  all  phases  of  BN.  The  Si  (1 1 1)  Cu  Kp  peak  is  exactly  where  predicted, 
but  is  somewhat  unlikely  since  the  detector  has  a  graphite  monochromator  to  reduce  that 
peak.  The  h-BN  (002)  peak  is  either  obscured  in  the  lower  edge  of  Si  (111)  peak,  or  has 
shifted  down  slightly  and  is  where  the  Cu  Kp  peak  should  be.  If  this  were  the  case,  its  relative 
intensity  would  seem  to  indicate  a  significant  portion  of  the  broad  BN  region  is  from  phases 
other  than  h-BN.  The  fact  that  the  region  is  continuous  also  indicates  at  least  some 
amorphous  component. 

The  FT-IR  spectrum  shown  in  Figure  23  shows  a  fairly  clean  spectrum  with  only  very 
slight  hydrogen/argon  incorporation  as  indicated  by  the  almost  undetectable  peaks  in  the 
3200-3500  cm-1  range.  The  peak  at  615  cm-1  has  not  been  identified  and  only  occurred  in 
this  spectrum  while  the  peak  at  3230  cm-1  is  apparently  related  to  incorporation  as  will  be 
discussed  next. 
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Table  HI.  Diffraction  peaks  for  phases  of  BN  using  Cu  Ka  radiation. 
(Source:  JCPDS  card  file  on  CD-ROM) 


Crystal  Phase 


Relative  Intensit 


Crystal  Plane 


Diffraction  Angle 


The  spectra  in  Figure  24  all  show  strong  peaks  of  various  intensities  in  the  3200- 
3500  cm-1  range  and  broadening  of  the  B-N  stretching  mode  to  range  from  1380-1550  cm-1. 
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The  causes  for  these  peaks  is  not  understood  at  present  but  is  believed  to  be  due  to  a 
combination  of  incorporation  of  hydrogen  and/or  argon.  It  seems  that  any  of  Ar  flow  rates 
>10  seem,  or  microwave  power  levels  above  1000  W,  or  bias  conditions  above  -20  V  or  less, 
that  hydrogen  and  perhaps  argon  begin  to  be  incorporated  into  the  growing  film. 

Further  crystal  information  can  be  seen  in  the  Raman  spectrum  in  Figure  25.  Hexagonal 
BN  has  one  Raman  active  peak  at  1368  cm-1  while  c-BN  has  two  peaks,  the  TO  at  1055  cm1 
and  the  LO  at  1308  cm-1. [52]  These  values  for  BN  were  also  confirmed  by  use  of  standards 
in  the  system  used  here.  The  h-BN  peak  and  the  LO  (longitudinal  optical)  phonon  of  c-BN 
are  clearly  present,  though  apparently  shifted  slightly  by  stress.  In  addition  there  is  another 
ill-defined  peak  which  has  not  been  identified.  More  importantly,  this  spectrum  also  does  not 
show  the  TO  phonon  mode  at  1055  cm-1,  which  may  be  due  either  to  stress  or  other  effects 
not  yet  determined. 

TEM  shown  in  Figures  26  and  27  show  that  the  deposited  layers  are  oriented  h-BN. 
Additional  areas  not  shown  showed  very  diffuse  rings  from  a-BN.  This  was  especially  true  of 
the  highest  bias  conditions  (-65  V).  While  no  c-BN  was  observed  in  the  SAD  patterns,  this  is 
not  surprising  given  the  polycrystalline/amorphous  nature  of  much  of  the  film.  As  can  be 
seen  from  Table  III,  there  are  no  c-BN  plane;-  which  do  not  have  h-BN  or  w-BN  planes 
nearby,  and  so  without  larger  single  phase  regions,  c-BN  would  be  extremely  difficult  to 
unambiguously  identify. 

F.  Conclusions 

BN  thin  films  were  deposited  on  Si  and  Cu  substrates  via  gas  source  MBE  and  analyzed 
using  a  variety  of  techniques.  Resulting  films  appeared  to  be  amorphous  with  some  cubic 
character  as  determined  via  x-ray  diffraction  and  noted  in  the  previous  progress  report.  FT  IR 
confirmed  those  results  showing  peaks  for  a-BN  (as  confirmed  by  TEM)  and  c-BN  (not 
observed  in  TEM).  Identification  of  c-BN  phase  via  SAD  in  a  fine  grained  mixed  phase  film 
is  not  possible  due  to  the  fact  that  diffraction  peaks  from  c-BN  are  typically  very  close  to 
peaks  from  other  phases.  Phase  identification  for  Cu  substrates  is  not  complete  at  present,  as 
it  will  require  different  analytical  techniques  to  properly  determine  composition.  Raman 
spectroscopy  has  proved  ineffective  in  determining  the  composition  of  what  is  likely 
microcrystalline  in  nature.  The  FT-IR  system  is  currently  only  configured  for  transmission 
measurements  and  will  need  to  be  modified  to  reflection  mode  for  use  on  copper  substrates. 

BN  thin  films  on  Si  via  microwave  plasma  CVD  showed  a  mixed  composition  of 
amorphous,  hexagonal  and  cubic  phases  of  BN.  Evidence  of  hydrogen/argon  incorporation 
was  observed  at  high  deposition  power  and  bias  levels,  as  w  ell  as  high  argon  flow  rates. 
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G.  Future  Research  Plans/Goals 
Use  of  Copper  Substrates 

Copper  Cleaning.  For  proper  use  of  the  copper  substrates,  the  surface  will  need  to  be 
made  completely  clean,  i.e.,  the  sulfur  will  need  to  be  removed.  Given  the  thermal  stability  of 
CU2S  (m.p  =1100°C),  thermal  desorption  is  not  an  option  and  thus  some  sort  of  a  chemical 
cleaning  will  be  required.  If  wet  chemical  etching  (Cu2S  is  soluble  in  HNO3  and  NH4OH) 
before  loading  into  the  MBE  does  not  remove  the  sulfur  from  the  copper,  hydrogen  plasma 
cleaning  will  be  required.  Dosing  of  Cu2S  with  molecular  hydrogen  while  heated  will  not 
reduce  the  CU2S  back  to  Cu  based  on  thermodynamic  calculations,  but  dosing  with  atomic 
hydrogen  will  reduce  the  Cu2S.[53,  54] 

Boron  Diffusion  in  Copper.  Boron  has  a  low  solubility  in  copper  (=0.5  at.%).  If  boron 
were  diffused  into  copper  at  a  high  temperature  and  then  cooled  the  boron  would  migrate  to 
the  surface.  Since  the  boron  species  would  migrate  to  sites  on  the  copper  surface,  they  would 
already  possess  the  same  symmetry  as  would  be  present  in  c-BN.  Then  bringing  in  atomic 
nitrogen  from  the  plasma  source  to  react  with  the  diffusing  boron,  would  allow  the  c-BN 
phase  to  form  more  readily,  and  more  uniformly  across  the  surface  of  the  copper  substrate. 
This  would  not  only  improve  the  phase  stability  but  help  to  resist  the  driving  force  for  island 
formation  which  is  quite  strong  for  c-BN  on  copper.  Some  boron  diffusion  and  implantation 
has  already  taken  place.  Growth  on  these  samples  will  be  conducted  momentarily. 

Nitrogen  as  Surfactant.  An  additional  potential  advantage  in  use  of  copper  substrates 
relates  to  the  use  of  nitrogen  as  a  surfactant  in  the  growth  of  c-BN  films.  Surfactants  have 
been  used  successfully  in  the  system  Si/Ge/Si  to  suppress  island  formation. [55]  Dosing  Cu 
with  atomic  N  does  form  a  CU3N  phase, [29]  which  is  cubic  with  a  lattice  parameter  of 
3.815  A.  It  is  not  a  strongly  bonded  compound  and  decomposes  at  temperatures  in  the  range 
of  3-500°C.[29,  56]  There  has  also  been  reported  a  CU4N  phase  which  is  more  difficult  to 
form,  but  is  still  cubic,  with  a  lattice  parameter  of  3.193  A,  and  decomposes  above 
=550°C.[57] 

Thus  the  nitride  phase  would  form  if  growth  temperatures  were  in  the  3-500°C  range,  and 
would  retain  the  same  surface  symmetry,  and  have  a  similar  lattice  parameter  to  the  host  Cu 
lattice  (especially  for  the  CU3N  phase).  This  would  provide  an  ideal  surface  for  incoming 
boron  atoms,  since  the  copper  nitride  phase  would  be  very'  unstable  with  respect  to  the 
formation  of  the  c-BN,  and  thus  an  exchange  reaction  would  be  expected  where  boron  would 
exchange  positions  with  the  nitrogen  in  forming  the  c-BN.  This  would  immediately  leave  the 
c-BN  with  a  nitrogen  terminated  surface,  and  is  expected  to  reduce  the  mobility  of  the  boron 
atoms  and  thus  decrease  the  tendency  for  island  formation.  This  approach  requires  lowering 
of  growth  temperatures,  which  has  its  own  set  of  advantages  and  disadvantages. 
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Lowered  Growth  Temperatures 

Best  Observed  Growth  Temperatures.  A  number  of  researchers  (see  references  in  the 
Introduction)  have  found  that  the  best  conditions  for  c-BN  formation  involve  lowered  growth 
temperatures  often  in  the  range  of  ~400°C.  This  low  growth  temperature  in  some  manner  not 
yet  understood,  aids  the  metastable  formation  process  required  for  c-BN,  or  at  least  inhibits 
the  formation  of  h-BN. 

However,  this  temperature  range  is  extremely  low  for  a  material  with  as  high  a  Debye 
temperature  as  c-BN  (0d=17-19OOK).[14]  This  low  temperature  growth  greatly  inhibits 
surface  mobility  and  would  be  expected  to  lead  to  a  large  amorphous  component  of  the  film, 
as  was  observed  in  this  study.  Thus,  an  important  part  of  this  lowered  growth  temperature 
process  must  be  providing  a  source  of  additional  energy  for  surface  mobility  to  aid  the 
crystallization  process.  This  energy  is  provided  in  part  by  metastable  species  coming  from  the 
plasma  source.  However,  bias  is  often  required  in  addition,  and  the  high  energy  bombardment 
caused  by  this  bias  will  cause  formation  of  many  crystal  defects.  An  alternative  to  substrate 
bias  would  be  preferred  and  could  take  the  form  of  ultraviolet  (UV)  irradiation. 

Ultraviolet  Irradiation.  UV  irradiation  can  enhance  many  different  processes  associated 
with  the  growth  process.  Boron  has  strong  spectral  lines  at  =2497  A,  and  so  UV  radiation 
could  be  used  to  create  excited  boron  atoms  which  would  give  it  a  additional  energy  state 
roughly  equivalent  to  the  energy  it  would  attain  upon  condensation  on  the  growth  surface. 
Using  models  of  tungsten  condensation  on  tungsten, [58]  this  would  provide  one  or  more 
surface  hops  to  find  the  optimum  position.  Addition  of  just  one  hop,  enhances  the  density  of 
the  film. 

Laser  Ablation.  As  was  discussed  in  the  last  report,  Doll  et  a/[28,  59]  has  reported  the 
successful  growth  of  c-BN  on  Si  by  laser  ablation  using  a  KrF  excimer  laser.  Some 
experiments  were  undertaken  last  fall  in  an  attempt  to  reproduce  this  work,  but  resulted  in 
understoichiometric,  mixed  phase  deposits  that  did  not  include  c-BN.  It  was  thought  that  part 
of  the  problem  was  low  laser  fluences  with  respect  to  those  used  by  Doll  et  al.  A  new  laser 
has  since  been  put  in  place,  with  much  higher  fluences,  and  it  is  hoped  that  new  experiments 
can  proceed  to  reproduce  the  results  of  Doll  et  al. 
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